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We present the first application of a recently-developed effective theory of jet propagation in
matter SCETG to inclusive hadron suppression in nucleus-nucleus collisions at the LHC. SCETG -
based splitting kernels allow us to go beyond the traditional energy loss approximation and unify
the treatment of vacuum and medium-induced parton showers. In the soft gluon emission limit,
we establish a simple analytic relation between the QCD evolution and energy loss approaches to
jet quenching. We quantify the uncertainties associated with the implementation of the in-medim
modification of hadron production cross sections and show that the coupling between the jet and
the medium can be constrained with better than 10% accuracy.
Suppression of the production cross section for
high transverse momentum particles and jets in ultra-
relativistic collisions of heavy nuclei, commonly re-
ferred to as jet quenching [1], is one of the most-
important signatures of quark-gluon plasma (QGP)
formation in such reactions and a quantitative probe
of its properties. This phenomenon has been estab-
lished experimentally at the Relativistic Heavy Ion
Collider (RHIC) [2, 3] and the Large Hadron Col-
lider (LHC) [4–6]. It was understood theoretically in
a framework based on perturbative QCD calculations
of parton propagation and energy loss in the QGP [7].
More recently, progress has been made on formu-
lating and applying effective theories of QCD, suit-
able for calculations of jet properties in hot and dense
strongly-interacting matter. The well-established
soft-collinear effective theory (SCET) [8, 9] has been
extended to include the interactions with the medium
quasiparticles via a transverse t-channel momentum
exchange. The resulting soft-collinear effective the-
ory with Glauber gluons (SCETG ) [10, 11] has been
used to calculate all O(αs) 1 → 2 medium-induced
splitting kernels [12] and study O(αs) effects on the
in-medium parton shower [13]. The power counting
of SCETG correctly captures the behavior of the in-
medium branchings when the lightcone momentum
fraction x = Q+/p+ of the emitted parton becomes
large (x → 1). These large-x corrections are absent
in traditional energy loss calculations.
A critical step in improving the jet quenching phe-
nomenology is to understand the implication of the
finite-x corrections. Their implementation requires
new theoretical methods, since in the large momen-
tum fraction limit the leading parton can change fla-
vor and the splitting process cannot be interpreted
as energy loss. A natural language to capture this
physics is that of the well-known DGLAP evolution
equations [14]. As a first application of the SCETG
medium-induced splitting kernels, we revisit the eval-
uation of the nuclear modification factor RAA for in-
clusive hadron production at high transverse momen-
tum pT (and rapidity y), defined as:
RAA(pT ) =
dσhAA/dyd
2pT
〈Ncoll〉dσhpp/dyd2pT
, (1)
which continues to attract strong theoretical inter-
est [15, 16]. We consider central lead-lead (Pb+Pb)
reactions at
√
sNN = 2.76 TeV at the LHC as an ex-
ample. In Eq. (1) 〈Ncoll〉 is the average number of
binary nucleon-nucleon collisions. DGLAP evolution
equations have been used to address hadron produc-
tion in semi-inclusive deep inelastic scattering with
initial conditions obtained using an energy loss ap-
proach [17, 18].
In the presence of a QGP, all parton splitting ker-
nels are a direct sum of the universal vacuum part and
a medium-dependent component, which has been cal-
culated in Ref. [12]. Those are real emission graphs
in the DGLAP language. The splitting functions are
related to the medium-induced splitting kernels as
follows:
P reali (x,Q⊥;α)=
2π2
αs
Q2⊥
dNi(x,Q⊥;α)
dxd2Q⊥
=P vaci (x) gi(x,Q⊥;α) . (2)
The equation above explicitly indicates that, unlike
the vacuum case where the splitting function only
depends on x, the medium-induced splitting func-
tion also depends on Q⊥ and the properties of the
QGP α. We relate the temperature and density of
the gluon-dominated plasma to the measured charged
2particle rapidity density [7]. The position and time
dependence of the Debye screening scale mD and
the quark and gluon scattering lengths, necessary to
evaluate P reali (x,Q⊥;α), are obtained using an opti-
cal Glauber model for the collision geometry and a
Bjorken expansion ansatz. The coupling g between
the jet and the medium is a free parameter in the
calculation.
Special attention has to be paid to the gluon split-
ting function because it diverges for both x → 0
and x → 1. The first divergence is regulated with
a plus function prescription, while the second diver-
gence need not be regulated owing to the form of the
evolution equations:
Pq→qg(x) =
[
P realq→qg(x)
]
+
+Aδ(x) , (3)
Pg→gg(x) = 2CA
{[(
1− 2x
x
+ x(1 − x)
)
g2 (x)
]
+
+
g2 (x)
1− x
}
+B δ(x) , (4)
Pg→qq¯(x) = P
real
g→qq¯(x) , Pq→gq(x) = P
real
q→gq(x) . (5)
In the equations above we have suppressed the ex-
plicit Q⊥ and α dependence for simplicity. The vir-
tual pieces of the splitting functions can be extracted
from flavor and momentum sum rules in complete
analogy to the vacuum case:
A = 0 , (6)
B =
∫ 1
0
dx′
{
− 2nf(1 − x′)Pg→qq¯(x′)
+2CA
[
x′
(
1− 2x′
x′
+ x′(1− x′)
)
− 1
]
g2 (x
′)
}
. (7)
The DGLAP evolution equations for the fragmenta-
tion functions (FFs) read:
dDq(z,Q)
d lnQ
=
αs(Q
2)
π
∫ 1
z
dz′
z′
[
Pq→qg(z
′)Dq
( z
z′
, Q
)
+Pq→gq(z
′)Dg
( z
z′
, Q
) ]
, (8)
dDg(z,Q)
d lnQ
=
αs(Q
2)
π
∫ 1
z
dz′
z′
[
Pg→gg(z
′)Dg
( z
z′
, Q
)
+Pg→qq¯(z
′)
∑
q
(
Dq
( z
z′
, Q
)
+Dq¯
( z
z′
, Q
))]
, (9)
where z ≡ 1 − x in the splitting functions and
Q ≡ |Q⊥|. The equation for the evolution of the
anti-quark FF can be found from quark equation by
substituting everywhere Dq → Dq¯.
QCD evolution and the energy loss approach repre-
sent two very different implementations of jet quench-
ing. It is critical to establish this connection between
them in light of the fact that energy loss phenomenol-
ogy has been very successful [7, 15, 16]. This can be
achieved only in the soft gluon bremsstrahlung limit,
where the two diagonal splitting functions Pq→qg
and Pg→gg survive. Up to (2π
2/αs)Q
2
⊥, these are
the Gyulassy-Levai-Vitev (GLV) double differential
medium-induced gluon number distributions to first
order in opacity [19]. There is no flavor mixing, and
the entire branching is given by a plus function. The
DGLAP evolution equations decouple and reduce to:
dD(z,Q)
d lnQ
=
αs
π
∫ 1
z
dz′
z′
[P (z′, Q)]+D
( z
z′
, Q
)
. (10)
Because the fragmentation functions D(z) are
typically steeply falling with increasing z =
phadronT /p
parton
T , the main contribution in Eq. (10)
comes predominantly from z′ ≈ 1. We expand the
integrand in this limit, keeping the first derivative
terms, and approximate the steepness of the fragmen-
tation function with its unperturbed vacuum value:
n(z) = −d lnDvac(z)/d ln z . (11)
The analytical solution to the Eq. (10) reads:
Dmed(z,Q) ≈ e−(n(z)−1)〈∆EE 〉z−〈Ng〉zDvac(z,Q) , (12)
and shows explicitly that the vacuum evolution and
the medium-induced evolution factorize. We have
used the following definitions in the above formula:〈
∆E
E
〉
z
=
∫ 1−z
0
dxx
dN
dx
(x)
z→0−−−→
〈
∆E
E
〉
, (13)
〈Ng〉z =
∫ 1
1−z
dx
dN
dx
(x)
z→1−−−→ 〈Ng〉 , (14)
where xdN/dx is the medium-induced gluon intensity
distribution [19]. Note, that we have made the choice
to put all the in-medium effects into the DGLAP evo-
lution. The analytic formula in Eq. (12) gives us for
the first time an insight into the deep connections be-
tween the evolution and energy loss approaches to jet
quenching. Over most of the z range the suppression
of the FFs is dominated by the the fractional energy
loss, amplified by the steepness of D(z). Near thresh-
old (z = 1) the modification is determined by the
3probability not to emit a gluon, exp(−〈Ng〉). Con-
versely, solving Eqs. (8) and (9) numerically allows
us to unify the treatment of the vacuum and medium-
induced parton showers.
We now turn to the numerical comparison be-
tween the medium-modified evolution approach to
jet quenching and the traditional energy loss formal-
ism. We elect to include all QGP effects in the frag-
mentation functions, such that the invariant inclusive
hadron production cross section reads:
1
〈Ncoll〉
dσhAA
dyd2pT
=
∑
c
∫ 1
zmin
dz
dσc(pc = pT /z)
dyd2pTc
× 1
z2
Dmed/quenchc (z) . (15)
Here, c = {q, q¯, g} and we choose the factorization,
fragmentation and renormalization scales Q = pTc ,
and dσc/dyd2pTc is the unmodified hard parton pro-
duction cross section.
Should an energy loss approach be adopted, it is
important to realize that the soft gluon emission limit
must be consistently implemented. If the fractional
energy loss becomes significant, it is carried away
through multiple gluon bremsstrahlung. In the in-
dependent Poisson gluon emission limit, we can con-
struct the probability density Pc(ǫ) of this fractional
energy loss ǫ =
∑
i ωi/E ≈
∑
iQ
+
i /p
+, such that:
∫ 1
0
dǫ P (ǫ) = 1 ,
∫ 1
0
dǫ ǫ P (ǫ) =
〈
∆E
E
〉
. (16)
A more detailed discussion is given in [7]. If a parton
loses this energy fraction ǫ during its propagation in
the QGP to escape with momentum pquenchTc , immedi-
ately after the hard collision pTc = p
quench
Tc
/(1 − ǫ).
Noting the additional Jacobian |dpquenchTc /dpTc | =
(1 − ǫ), the kinematic modification to the FFs due
to energy loss is:
Dquenchc (z) =
∫ 1−z
0
dǫ
Pc(ǫ)
(1 − ǫ)Dc
(
z
1− ǫ
)
, (17)
and can be directly implemented in Eq. (15).
In Figure 1 we present our calculations of the nu-
clear modification factor RAA in the limit of soft
gluon bremsstrahlung. Results are obtained from the
parton energy loss approach (cyan band) and by us-
ing the analytic solution to the in-medium evolution
given in Eq. (12) (yellow band). The upper edge of
the uncertainty bands (solid lines) corresponds to a
coupling between the jet and the medium g = 2.0 and
the lower edge (dashed lines) corresponds to g = 2.1.
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FIG. 1: Nuclear modification factor comparison between
the traditional energy loss approach (cyan band) and the
analytic solution to QCD evolution in the soft gluon limit
(yellow band). The upper and lower edges of the bands
correspond to couplings between the jet and the medium
g = 2.0 and g = 2.1, respectively. The insets show the
ratios of different RAA curves. Data is form ALICE an
CMS.
The results of the two calculations are remarkably
similar and both reproduce well the suppression of
inclusive charged hadron production in 0-10% central
Pb+Pb collisions at the LHC measured by ALICE [4]
and CMS [5]. In both approaches the coupling g be-
tween the jet and the medium can be constrained
with an accuracy of 5% and the transport properties
of the medium, which scale as g4, can be extracted
with 20% uncertainty. The inset shows the ratio for
the different RAA curves relative to the g = 2.0 en-
ergy loss result. We observe from this inset that the
only difference between the two approaches is a small
variation in the shape of the nuclear modification ra-
tio as a function of pT . At any fixed transverse mo-
mentum the difference in the predicted magnitude of
jet quenching can be absorbed in less than 2% change
of the coupling g between the jet and the medium.
In Figure 2 we show RAAs obtained with medium-
modified FFs that are numerical solutions to the
DGLAP evolution equations, Eqs. (8), (9), with full
medium-induced splitting kernels [12] (cyan band)
and their small-x energy loss limit [20] (yellow band).
In this figure, the uncertainty bands correspond to
g = 1.9−2.0. The difference between the small-x and
full evolution is only noticeable below pT = 20 GeV,
as can be seen from the inset. At small and interme-
diate transverse momenta the solution to the DGLAP
equations beyond the soft gluon limit yields a slightly
better agreement between theory and experiment.
To understand the numerical results, we further
scrutinize the in-medium modification of FFs in Fig-
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FIG. 2: Comparison between RAA obtained with in-
medium numerically evolved fragmentation functions us-
ing the full splitting kernels (cyan band) and their soft
gluon limit (yellow band) to ALICE and CMS data. The
upper and lower edges of the bands correspond to g = 1.9
and g = 2.0, respectively.
ure 3 for 40 GeV quarks and gluons, respectively.
As a function of the hadron-to-parton transverse mo-
mentum fraction z, the differences between the var-
ious methods of computing this modification can be
much more pronounced than in RAA. This is espe-
cially true for gluon fragmentation at large z. The
observed hadron production cross section, however,
samples a wide range of momentum fractions and in
the presence of a QGP is biased toward lower values of
z. Furthermore, the quark contribution is enhanced
since Dmedq (z) is much less suppressed than D
med
g (z).
To summarize, we presented results for the sup-
pression of inclusive hadron production in Pb+Pb
reactions at the LHC based upon QCD factorization
and DGLAP evolution with SCETG -based medium-
induced splitting kernels. This method allows us to
unify the treatment of vacuum and medium-induced
parton showers. In the soft gluon bremsstrahlung
limit, we demonstrated the connection between this
new approach and the traditional energy loss-based
jet quenching phenomenology. Numerically, the
agreement between the two methods is quite remark-
able and they give a very good description of the
experimentally measured RAA by ALICE and CMS.
We find that the coupling between the jet and the
medium can be constrained with better than 10%
accuracy when the uncertainties that arise from the
choice of method and the fit to the data are com-
bined. In the future, it will be interesting to investi-
gate whether better differentiation between the QCD
evolution and energy loss approaches can be achieved
using parton flavor separation techniques [21, 22].
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